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FOREWORD 

T h i s  r e p o r t  is  prepared by t h e  Lockheed-Georgia Company under c o n t r a c t  

NASl-15949, "Advanced Composite S t r u c t u r a l  Design Technology f o r  Commercial 

T r a n s p o r t  A i r c r a f t . "  

de t e rmin ing  t h e  stresses i n  t h e  i n t e r f a c e  l a y e r  between t h e  s k i n  and a t t a c h e d  

f l a n g e  of  s t i f f e n e d  composite pane ls .  

Assignment No. 5 of t h e  c o n t r a c t .  The program i s  sponsored by t h e  Na t iona l  

Aeronau t i c s  and Space Adminis t ra t ion ,  Langley Research Center  (NASAILaRC). 

D r .  James H. S t a r n e s  is t h e  Project Engineer  f o r  NASA/LaRC. John N. Dickson 

i s  t h e  Program Manager f o r  t h e  Lockheed-Georgia Company. J.T.S. Wang, P r o f e s s o r  
i n  t h e  School of Engineer ing Sc ience  and Mechanics a t  Georgia  I n s t i t u t e  of 

Technology, is  a c o n s u l t a n t  t o  Lockheed-Georgia. 

It  d e s c r i b e s  i n  d e t a i l  a n  a n a l y s i s  procedure  f o r  

T h i s  work w a s  performed under Task 
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SUMMARY 

A structural model and an analysis method for evaluating the stresses 

in the interface layer between the skin and the attached stiffener flange of 

stiffened composite panels is described. When stiffened panels are loaded 

in the postbuckling regime andlor are subject to normal pressure loads, 
deformations develop that tend to cause separation of the skin and the 

stiffeners. 
the effects of material and geometric design parameters on the interface 

stresses. 

minimized by chosing appropriate values for the design variables. This inter- 

face stress analysis procedure is included in a stiffened panel sizing code 

previously developed and reported under this contract (References 1 and 2) .  

The analysis procedure described here provides a means to study 

The tendancy toward skinlstiffener separation may therefore be 

INTRODUCTION 

Panels stiffened with attached stiffeners are frequently used in aero- 

s i ~ s c e ,  naval, and various civil engineering structures when structural weight 

is an important concern. If the panel is loaded so that the skin (web) enters 

the postbuckling regime and/or the panel is subject to normal pressure loads, 
the skin and stiffener tend to separate. Postbuckling deformation is 

in Figure 1. Separation of the skin and stiffener normally indicates or 
participates in failure of the panel. 

Figure 1 .  Deformation of Postbuckled Stiffened Panel 
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Resin-matrix composite stiffened panels are normally fabricated by 

cocuring the skin and stiffeners or by bonding precuted stiffeners to the 

skin. Hechanical fasteners or stitching may also be used to attach the 

stiffeners to the skin in some cases. 

The purpose of this study is t o  develop a model and solution method for 4 

determining the normal and shear stresses in the interface between the skin 

and the stiffener attached flange. An efficient, analytical solution procedure 

fs required since the analysis is incorporated in a sizing code for stiffened 

panels (References 1 and 2) .  The present model does not account for the 
presence of mechanical fasteners or stitching. 

c 

--.- STRUCTURAL MODEL 

The portion of the stiffened panel that is modeled includes the attach- 

ed flange of the stiffener, the skin directly in contact with the stiffener, 

and the interface or bond layer. The model is shown j.n Figure 2. The skln 

between stiffeners is replaced by moments and shear loads obtained from an 

independent solution for the response of the skin plate to the applied 
panel loads. The deformation of the skin between stiffeners may not be small 

enough, especially if the skin is postbuckled, to allow small deformation 

theory to be used. It is assumed, however, that the deformations of the 

stiffener flange and the attached portion of the skin are small and that 

small deformation theory is valid for this region of the panel. 

The stiffener web is replaced by rotational and extensional springs along 

the line y = z = 0 with stiffnesses k r 
inplane load, Nx , is present in the stiffener flange and biaxial inplane 
loads, N and N are present in the skin. X transverse extensiona1 spring, 

representing the transverse stiffness (Icy) of the skin, is present on the 

edges y = +b of the skin plate. 

and kZ, respectively. A longitudinal 
f 

X Y’ 

Both flange and skin plates are orthotropic. c 
- 

a 
The interface layer between the flange and skin has a finite thickness, 

and is assumed to be isotropic and linear elastic. Stresses in the inter- 
face layer are distributed uniformly through the thickness of the layer. 
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Figure 2. Structural Model for Interface Stress Analysis 

ANALYSTS METHOD 

The flange and skin plates are treated as separate orthotropic plates. 

The plates are loaded on the interface planes by the unknown interface normal 

and shear stresses and on the longitudinal skin plate edges by the applied 

noment and transverse shear loads due to normal pressure and/or postbuckling. 

The inplane loads previously defined are assumed to remain unchanged during 
def o m a  t ion. 

The displacements of t h e  plates in the x, y, and z directions are u, v, 

and w, respectively. Using a comma followed by a subscript to denote differen- 

tiation, the relations of stress resultants and stress couples t o  the displace- 

aents and interacting interface stresses may be expressed as follows: 

3 



Vx = Q, + M 
XYBY 

(9) 

i n  which t h e  A are  t h e  inp lane  s t i f f n e s s e s ,  t h e  D are the bending s t i f f -  

nes ses ,  

of t h e  p l a t e  a r e  f X Z ,  T+ and T- 

t h i ckness .  

r e p r e s e n t  t h e  i n t e r f a c e  shear s t r e s s e s  on t h e  i n t e r f a c e  s u r f a c e s .  

s u r f a c e  load ing  on t h e  p l a t e s  i s  denoted u 

normal stress. 

i j  i j  
t h e  t a n g e n t i a l  l oad ing  components on t h e  u p p e r  and lower s u r f a c e s  

- 
T r e s p e c t i v e l y ,  and t i s  t h e  p l a t e  

+ 
Y Z  xz ,  Y Z  

The t a n g e n t i a l  l oad ings  are ze ro  on t h e  p l a t e  free s u r f a c e s  and 

The normal 
+ -  u and r e p r e s e n t s  t h e  i n t e r f a c e  
2 '  z 

The g e n e r a l  e q u a t i o n s  f o r  t he  a n a l y s i s  of t h e  s k i n  and t h e  f l a n g e  

p l a t e s  may be  ob ta ined  as fo l lows .  

boundary S, and having l i n e s  of e l a s t i c  suppor t  S 

v i r t u a l  work may be expressed  as  

For a p l a t e  i n  a r eg ion  A ,  w i t h  t h e  

t h e  p r i n c i p l e  of 
j' 

where rr is  the  t o t a l  p o t e n t i a l  energy,  and n and s r e f e r  r e s p e c t i v e l y  t o  t h e  

outward normal and t a n g e n t i a l  d i r e c t i o n s  a long  t h e  p l a t e  boundar ies  o r  l i n e s  

of e l a s t i c  suppor t .  

l oads  a p p l i e d  a long  t h e  edge of t h e  p l a t e .  

The s u b s c r i p t  "a" deno tes  shea r ,  moment, and inp lane  

L'he u s u a l  index n o t a t i o n  i s  



. 

followed for a and B ranging from 1 to 2 with 1 corresponding t o  a and 2 

to y .  The inplane displacements U and U are related t o  Ua. The stiffnesses 

of elastic supports are k 

inplane loading, the inplane strain-displacement relations 

n S 

kZ and kr. To account for the effects of n’ ks’ 

+ w,~w, ) / 2  are used and the relations Q - 
a0 a, B 8 a - Mf3a,8 are t = (U + U8,a 
recogni-zed in equation (11). After employing Green’s theorem, equation 

(11) may be written as 

In equation (12) ,  we require integrals involving the variations of U a 
and w to vanish individually. This results in three equations in integral 

= -N and N12 = 0, 
x’ N22 Y 

form. The lnplane stress resultants, Nll = -N 

are assumed to be distributed uniformly prior to the bending of the plate. 

The Ua represent incremental inplane displacements after bending. 

dimensionless coordinates defined as x = x/a and j ;  = y/b, the aspect ratio 

r = a/b, the half-plate thickness, e = t/2, and an over dot and over prime 

for differentiation with respect to 

with linearized coefficients may be written as follows: 

Using 

and 7, respectively, the three equations 

5 





. 

where the subscript "a'' denotes applied longitudinal edge shear and moment 

loads. Equations (13)  - (15) may be written for the flange plate and the 
skin plate. 

Solutions for the response of the plates and the resulting interface 

stresses may be developed separately for the antisymmetric and the symmetric 

load cases. 

ANTISYMMETRIC DEFORMATION 

If the web of the stiffener is along the center ine of the flange and 

the stiffened panel is postbuckled but is subject to no normal pressure load, 

the flange and skin plates will deform antisymmetrically about y = 0. 
applied longitudinal edge loads are 

The 

qj;,l = -M I- = M (I) a y=-1 

The displacements and interface stresses are represented in the follow- 

ing series form with n = 0, 2, 4 . . . ; m = 0 ,  1, 2 ,  3 . . . ; and 

M (E) = t M s i n  m n E  
m m  

u = I  1 u P (5) cos m n Z  
m n mn n+l 
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$x = g f Pmn Pn+l (7) COS' m n r  

q = 1 1  q P (5) sin m w Z  
m n mn n+l 

where the P (y)  a r e  Legendre polynomials. n 

The nonzero surface loads on the sk in  plate are 

+ 
f+  - uz = 4 + 

= p* Y= - pY 
The nonzero surface loads on the f lange  plate are 

L 

( 2 6 )  

Subst i tut ion of equations ( Z O ) ,  (Zl), (23), and (24) i n t o  equations 

( 1 3 ) ,  and ( 1 4 )  wri t ten  f o r  the sk in  p l a t e  yields 



- 
where rn = m T / r .  

Since the coefficient matrix in equation (28)  must be symmetric, for each m 

and for j 2 n 

d = d  
C mnJ = b  mJn mnj mjn 

f Equations (28)  may be written for the flange plate if A are used in equations 

(29) - (321 ,  ky is set equal to zero, and the symbols a mnjr b mnj, and f 
C 

f i j  f 
mnj, 

are used for the flange. rnnj 

Substitution of equations ( 2 2 )  - ( 2 5 )  into equation (15) written for the 
flange and for the skin yields 

in which, for the skin equation ( 3 7 ) ,  and for j 2 n, the elements of the 
matrices are 

S =-; e b3 6jn/(2n+3) mjn 

t mjn = - e  b 3 Pj+l(l) Pn(l) 

h = b 4 6. /(2n+3) 
Jn m jn 

9 



The coefficients for the flange equation may be obtained from equations 

(41) by using e , Dij ', and Nxf and setting N = 0. In normal usage, the 
rotational restraint (kJ at y = 0 will be zero on the skin and nonzero on the 
flange. Equations ( 2 8 1 ,  ( 3 6 1 ,  and (37) relate the displacement coefficients 

to the interface stress coefficients defined in equations (20) - ( 2 5 ) .  

(38 )  - 
f 

Y 

The displacements of the skin and flange plates are coupled through the 
The continuity elastic interface layer having thickness h and moduli E and G .  

conditions are 

Substitution of these continuity conditions in conjunction with the series 

expressions for the displacements and interface stresses, equations (20) - 
( 2 5 ) ,  into equations (13) - (14), based on the Galerkin procedure and written 
f o r  the flange plate, yields the following equations: 



in which, f o r  j 2 n,  t h e  elements of the matrices are 

11 



S u b s t i t u t i o n  of e q u a t i o n s  ( 2 2 ) ,  ( 2 5 ) ,  and ( 4 6 )  i n t o  e q u a t i o n  y i e l d s  

. 
Four sets of e q u a t i o n s  are now a v a i l a b l e  f o r  de t e rmin ing  t h e  unknown 

c o e f f i c i e n t s .  Equat ions ( 4 7 1 ,  ( 4 8 1 ,  (561, and (37) may now be w r i t t e n  i n  

combined matr&c form as 

1". I (57) 

- - 
The c o e f f i c i e n t s  of A and Bm may be i d e n t i f i e d  from t h e  f o u r  e q u a t i o n  

sets. I f  t h e  series expressiol is ,  e q u a t i o n s  (20) - (25) a r e  t r u n c a t e d  a t  

n = 2 N ,  equa t ion  (57) r e p r e s e n t s  4N l i n e a r  a l g e b r a i c  e q u a t i o n s  t h a t  must: be 

so lved  f o r  each v a l u e  of m r e q u i r e d  by t h e  series expres s ion  f o r  t h e  a p p l i e d  

s h e a r s  and moments g iven  i n  equa t ions  (18) and ( 1 9 ) .  

m 

qmn, and W are determined from 
mn Once a f i n i t e  number of p P xmn' ymn' 

t h e  s o l u t i o n  t o  equa t ion  (57), t h e  i n t e r f a c e  stresses may be ob ta ined  d i r e c t l y  

from e q u a t i o n s  (23) - ( 2 5 ) .  

(20)  - (22) i n  c o n j u n c t i o n  wi th  e q u a t i o n s  ( 2 8 ) ,  ( 4 4 ) ,  ( 4 5 ) ,  and ( 4 6 ) .  

The d i sp lacemen t s  may be ob ta ined  from e q u a t i o n s  

S W T R I C  DEFORMATION 

When a s t i f f e n e d  panel  is s u b j e c t  t o  normal p r e s s u r e  t h e  f l a n g e  of t h e  

s t i f f e n e r  and t h e  s k i n  are deformed symmetr ical ly  about  t h e  c e n t e r  l i n e  of 

t h e  f l a n g e .  I n  t h i s  case, t h e  d i sp lacemen t s  and i n t e r f a c e  stresses may be 

r e p r e s e n t e d  i n  t h e  fo l lowing  series form w i t h  n = 0, 2, 4 ,  . . . ; m = 0, I 

1, 2 ,  3 ,  . . . : 

1 2  



P 

Using e x a c t l y  the same procedure, a l l  equations presented for  the previous 

antisymmetric case  a r e  appl icable  i f  t h e  fo l lowing expressions are  used 

instead of those def ined i n  the previous sec t ion:  

- (1) p' (1) + rn -2 A66 6. /(2n+3) + ky Pn+l (1) P (1) n+ 1 Jn j+l drnjn - A22 'j+l 

2 
= b 6. /(2n+l) 

Jn 

= b 6 /(2n+3) 

gm jn 

rn jn In 
2 k 

- 
9 = -rn e b' 6jn/(2n+1) rnjn 

3 r = -e b P. (1) Pn+l (1) 
rn jn J 

4 
= b 6 .  /(2n+l) 

hrn jn Jn 

13 



To i l l u s t r a t e  t h e  a p p l i c a t i o n  of t h e  a n a l y s i s  procedure desc r ibed  i n  the  

'previous s e c t i o n s ,  t he  s t r e s s e s  a t  t he  i n t e r f a c e  of a s t i f f e n e r  f l a n g e  and a 

s k i n  p l a t e  r e p r e s e n t a t i v e  of pos tbuck led ,  l a r g e  ca rgo  a i r c r a f t  f u s e l a g e  con- 

s t r u c t i o n  a r e  c a l c u l a t e d .  

l amina te  i s  (90/+45/02/745/90>s. - Both l amina te s  a r e  5 m i l  g r a p h i t e  epoxy 

tape.  The half-wavelength,  a ,  of the assumed buckle  i s  5 inches and the  

f l a n g e  wid th ,  b ,  is  0.75 inch. A 0.01 inch  t h i c k  adhes ive  s e r v e s  a s  t he  

i n t e r f a c e  l a y e r .  

and 93,400 p s i ,  r e s p e c t i v e l y .  

and t h e  e f f e c t s  of s e v e r a l  p h y s i c a l  parameters  on t h e  i n t e r f a c e  s t r e s s e s  a r e  

demonstrated in  t h e  fo l lowing  examples. 

The f l a n g e  laminate  i s  (90/+45/0)s and the  s k i n  

The e l a s t i c  and s h e a r  moduli of the adhes ive  a r e  245,180 p s i  

The r a p i d  convergence of t h e  a n a l y s i s  procedure 

CONVERGENCE 

To examine the  convergence p r o p e r t i e s  of t h e  a n a l y s i s  procedure,  c o n s i d e r  

t h e  ant isymmetr ic  c a s e  w i t h  f l a n g e  and s k i n  l amina te s  a s  de f ined  above and wi th  

the  s k i n  p l a t e  s u b j e c t  t o  a u n i t  a p p l i e d  moment 

M = (1) s i n  T X  * 

The maximum i n t e r f a c e  normal and shea r  s t r e s s e s  a r e  p l o t t e d  i n  Figure 3 a s  r a t i o s  

14 



of computed t o  converged va lues  f o r  v a r i o u s  numbers of terms N i n  t he  s e r i e s  ex- 

p r e s s i o n s ,  e q u a t i o n s  (20)-(25). 

t he  converged value.  

converged va lue .  These r e s u l t s  a p p l y  t o  the c o n d i t i o n  of  zero r o t a t i o n a l  re -  

With N = 4, s t r e s s e s  a r e  w i t h i n  3 pe rcen t  of 

With N = 8, a l l  s t r e s s e s  a r e  w i t h i n  0.1 p e r c e n t  of the 

s t r a i n t  kr. 

convergence as shown i n  F igu re  4. 
a l l  of t h e  s t r e s s e s  w i t h i n  3 pe rcen t  of  t he  ccnverged value.  

gence c h a r a c t e r i s t i c s  may be shown f o r  a p p l i e d  s h e a r  l o a d s  and f o r  t h e  symmetric 

load c a s e s .  

used i n  the  computat ions.  

The presence of r o t a t i o n a l  r e s t r a i n t  r e s u l t s  i n  a reduced r a t e  of 
3 With kr  = 10 , 12 terms a r e  r e q u i r e d  t o  b r i n g  

S i m i l a r  conver- 

I n  a l l  r e s u l t s  presented  i n  the fo l lowing  s e c t i o n s ,  12 terms were 

T 
XZ 

I 

R = o  r 

1 1 1 I 

4 a 12 16 
N 

Figure 3. Convergence of Solution Procedure (k = 0) r 

1 5  



k = Id in-lblin r 
1 1 I L--- 

4 8 I2 16 
N 

Figur;. 4. Convergence of Solution Procedure (k = lo3 in-lb/in) 
r 

STRESS DISTRIBUTION 

The d i s t r i b u t i o n  of t h e  i n t e r f a c e  s t r e s s e s  a c r o s s  the  f l a n g e  width i s  shown 

i n  F igure  5 f o r  the ant isymmetr ic  c a s e  w i t h  k 
The s t r e s s e s  shown are the  maximum va lues  t h a t  occur  over  the l eng th  "a". 

l o c a l i z e d  d i s t r i b u t i o n  of normal stress and the  more uniform d i s t r i b u t i o n  

= 0 and a u n i t  a p p l i e d  moment. r 
The 

of t h e  s h e a r  s t r e s s e s  i s  t y p i c a l  f o r  c a s e s  wi th  ze ro  e l a s t i c  r e s t r a i n t  a long 

y = z = o .  

16 
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0.2 0.4 0.6 0.8 

= ylb 

Figure 5 .  Interface Stress Distribution, Antisymmetric Condition 

ROTATIONAL RESTRAINT 

The e f f e c t s  t h a t  r o t a t i o n a l  r e s t r a i n t  k h a s  on the  i n t e r f a c e  s t r e s s e s  r 
f o r  t h e  c a s e  d i s c u s s e d  above are  shown i n  F i g u r e s  6-8. The normal s t r e s s  

( F i g u r e  6 )  a t  t h e  f l a n g e  edge i s  e s s e n t i a l l y  u n a f f e c t e d  by t h e  r o t a t i o n a l  r e s t r a i n t .  

A l a r g e  normal s t r e s s ,  however, r e s u l t s  n e a r  t h e  r e s t r a i n t  due to  the  r e s t r a i n i n g  

moment a c t i n g  on the  f l a n g e  p l a t e .  I f  t h e  r e s t r a i n t  i s  l a r g e  i n  magnitude, 

t h i s  normal stress may exceed the normal s t r e s s  a t  t h e  f l a n g e  edge. S i m i l a r  

e f f e c t s  of r o t a t i o n a l  r e s t r a i n t  on t h e  s h e a r  s t r e s s ,  T may be seen  i n  

F igu re  7 .  The e f f e c t s  of r o t a t i o n a l  r e s t r a i n t  on t h e  s h e a r  s t r e s s ,  
YZ’ 

t o  t he  c o n t r a r y ,  s t r i c t l y  b e n e f i c i a l  as shown i n  F i g u r e  8. 
T xz’ are ,  

1 7  



200 

-200 

Z 

1 1 - 
0.2 0.4 0.6 0.8 

= ylb 
Figure 6. Effect of Rotational Restraint on Normal Stress 

0 

- 100 

- 2 0  pi 
LA-- I 1 ------.a 

0.2 0.4 0.6 0.8 
3 = ylb 

Figure 7. Effect of Rotational Restraint on Shear Stress, T 
YZ 
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P 

1 I 

0.2 0.4 0.6 0.8 
= ylb 

Figure 8. Effect of Rotational Restraint on Shear Stress, T 
xz 

The s t r o n g  e f f e c t  of r o t a t i o n a l  r e s t r a i n t  on t h e  i n t e r f a c e  stresses i s  

e v i d e n t  from t h e s e  r e s u l t s .  C l e a r l y  an i n t e r m e d i a t e  v a l u e  o f  r e s t r a i n t  should 

be provided t o  minimize both normal and s h e a r  s t r e s s e s .  S ince  t h i s  r e s t r a i n t  

i s  p r i m a r i l y  a f u n c t i o n  of t he  bending s t i f f n e s s  of t h e  s t i f f e n e r  web p l a t e  i n  

the  s h o r t  d i r e c t i o n  and the t o r s i o n a l  p r o p e r t i e s  of t h e  s t i f f e n e r ,  an optimum 

v a l u e  may be provided by s p e c i f y i n g  an a p p r o p r i a t e  web l amina te  and s t i f f e n e r  

geometry. Due t o  t h e i r  low t o r s i o n a l  s t i f f n e s s  b l ade  s t i f f e n e r s  may n o t  provide 

s u f f i c i e n t  r o t a t i o n a l  r e s t r a i n t .  

AXIAL COMPRESSIVE LOAD 

The a x i a l  compressive load i n  a s t i f f e n e d  panel  d i r e c t l y  a f f e c t s  the e x t e n t  

of pos tbuck l ing  i n  t h e  pane l  and, t h e r e f o r e ,  t h e  magnitude of t h e  s h e a r  V (x) 
and moment M (G) t r e a t e d  as appl ied loads  i n  t h i s  a n a l y s i s  procedure.  

from t h i s  e f f e c t ,  t he  compressive loads  i n  t h e  f l a n g e  and skin under t h e  f l a n g e  

i n c r e a s e  t h e  i n t e r f a c e  stresses due t o  t h e  d e s t a b i l i z i n g  e f f e c t  of t he  compressive 

loads .  

Aside 
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P a r t i a l  v e r i f i c a t i o n  of t he  a n a l y s i s  procedure may be ob ta ined  by s tudy ing  

t h e  e f f e c t s  o f  a x i a l  compressive loads  on the  i n t e r f a c e  stresses. F igu re  9 

shoks the  r e s u l t s  o f  such a s tudy .  I f  t he  i n t e r f a c e  moduli a r e  reduced t o  

e s s e n t i a l l y  ze ro ,  the f l a n g e  and s k i n  p l a t e  hacome uncoupled. The s o l i d  

l i n e s  i n  t h i s  f i g u r e  r e p r e s e n t  t h i s  c o n d i t i o n .  The normal stress d i v e r g e s  

a t  two v a l u e s  of  load i n  t h e  s k i n ,  N i n d i c a t i n g  two u n s t a b l e  c o n d i t i o n s .  
X’  

These two v a l u e s  of load correspond e x a c t l y  t o  t h e  buck l ing  l o a d s  of the 

independent f l a n g e  (Nx = 0.5 Nx = 282 l b / i n )  and s k i n  (Nx = 2590 l b / i n )  

p l a t e s .  With a r e a l i s t i c  i n t e r f a c e  e l a s t i c  modulus E and an e s s e n t i a l l y  zero 

s h e a r  modulus G ,  t h e  r e s u l t s  shown by t h e  short-dashed l i n e s  a r e  ob ta ined .  

I n  t h i s  c a s e ,  the p a r t i a l l y  coupled p l a t e s  have a s i n g l e  buckl ing load 

between the  independent buck l ing  loads .  Here the f l a n g e  t r i e s  t o  buckle a t  

a low load b u t  i s  r e s t r a i n e d  by the  s k i n  p l a t e  through t h e  i n t e r f a c e  normal 

s t r e s s e s .  The load can be i n c r e a s e d  u n t i l  t h e  d e s t a b i l i z i n g  e f f e c t  of t h e  

f l a n g e  overcomes t h e  r e s i s t a n c e  of t h e  s k i n  and the two-plate system buckles .  

I f  an i n t e r f a c e  w i t h  r e a l i s t i c  E and G i s  used,  buckl ing occur s  a t  a load 

h i g h e r  than e i t h e r  independent  p l a t e  buckl ing load.  A s  E and G i n c r e a s e  

( n o t  shown) t h e  buck l ing  load approaches t h a t  of a s i n g l e  laminate  de f ined  

by f l a n g e / i n t e r f a c e / s k i n  l amina te s .  Add i t iona l  e f f e c t s  of compressive load 

a r e  shown i n  t h e  f o l l o w i n g  s e c t i o n .  

f 

400 

WIMUMNORMAL 0 
STRESS (PSI) 

- 

-200 

-400 

G = I  

Figure 9. Buckling Loads for Cwpled and Uncoupled Plates 
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FLANGE WIDTH 

The width of t he  a t t a c h e d  f l ange  of t h e  s t i f f e n e r  i s  an  impor t an t  d e s i g n  

parameter. I n t e r f a c e  stresses f o r  the p r e v i o u s l y  d e f i n e d  example case a r e  

shown i n  F i g u r e s  10 and 11 as f u n c t i o n s  of f l a n g e  width b. F i g u r e  10 r e p r e s e n t s  

t he  c a s e  i n  which t h e  r o t a t i o n a l  r e s t r a i n t  k i s  zero.  The maximum normal r 
stress and s h e a r  stress T a r e  not  s t r o n g l y  a f f e c t e d  by an i n c r e a s e  i n  b 

u n l e s s  s i g n i f i c a n t  compressive load N i s  p r e s e n t  and an i n s t a b i l i t y  condi-  
YZ 

X 

t i o n  i s  approached. On the o t h e r  hand, the maximum s h e a r  stress T 

i n c r e a s e s  r a p i d l y  as b i n c r e a s e s  even wi th  N = 0. Compressive load simply 
X Z  

X 

a m p l i f i e s  t he  i n c r e a s e  i n  T w i th  i n c r e a s i n g  f l a n g e  width.  S i m i l a r  r e s u l t s  

a r e  shown i n  F igu re  11 f o r  t h e  c a s e  w i t h  kr = 10 

are  s i m i l a r  i n  most r e s p e c t s  t o  t h e  p rev ious  c a s e  (k 
l e s s  dramatic. The r e su l t s  of both c a s e s  demonstrate  t he  b e n e f i t  of a narrow 

3 xz 
l b - i n / i n .  The t r e n d s  h e r e  

= 0) b u t  are  somewhat r 

a t t a c h e d  f l a n g e .  

MAXlMUM STRESS 8 

b (IN) 

Figure 10. Effect of Flange Width and Axial Load on Maximum 
Stresses (k =0) r 
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Figure 11. Effect of Flange Width and Axial Loud on Maximum 
Stresses (k = lo3 in-lb/in) r 

RELATIVE THICKNESS 

The r e l a t i v e  th i ckness  and r e s u l t i n g  r e l a t i v e  bending s t i f f n e s s e s  of the  f l ange  

and skin p l a t e s  have a s i g n i f i c a n t  e f f e c t  on the i n t e r f a c e  s t r e s s e s .  S ince  the 

s k i n  l amina te  may be l o c a l l y  thickened under the f l a n g e  wi th  the  a d d i t i o n  of  a 

pad o r  s t r a p ,  and s i n c e  the  f l a n g e  t h i c k n e s s  i s  not s t r o n g l y  c o n s t r a i n e d  by 

s t r e n g t h  o r  s t a b i l i t y  r equ i r emen t s ,  t h e  r e l a t i v e  f l a n g e  t o  s k i n  t h i c k n e s s  be- 

comes an important  and adap tab le  des ign  v a r i a b l e .  

Consider  t h e  same c a s e  as i n  t h e  p rev ious  examples b u t  only w i t h  r o t a t i o n a l :  

r e s t r a i n t  k = 10 i n - l b / i n .  Normal stresses f o r  f i v e  combinat ions of d i f f e r e n t  3 
r 

f l a n g e  and sk in  l amina te  t h i c k n e s s e s  a r e  shown i n  F igu re  1 2 .  The p r e v i o u s l y  ? 

d e f i n e d  b a s e l i n e  f l a n g e  and s k i n  l amina te s  are denoted F1 and S1, r e s p e c t i v e l y .  

Thicker f l a n g e  and s k i n  l amina te s  a r e  denoted by F 2 ,  F 3  and S2.  Cases (F1, Sa), 

(F2, S1) and (F3, S1) show t h a t  a s  t he  f l a n g e  t h i c k n e s s  i s  inc reased  wi th  no 

change i n  t h e  s k i n ,  t he  peak normal stress d e c r e a s e s  n e a r  f = 0.1 b u t  i n c r e a s e s  

# 

2 2  



- 
a t  y = 1.0. The same t r end  is e v i d e n t  when c a s e s  ( F l ,  S2) and (F2, S2) a r e  

compared. On t he  o t h e r  hand, a s  t h e  s k i n  t h i c k n e s s  i s  i n c r e a s e d  w i t h  no change 

i n  t h e  f l a n g e ,  t he  peak normal s t r e s s  dec reases  s i g n i f i c a n t l y  a t  bo th  

and p = 1.0. 

w e l l  as  c a s e s  (F2, S1) and (F2, S2). 

= 0.1 

T h i s  can be v e r i f i e d  by comparing c a s e s  (Fl, S1) and ( F l ,  S2) a s  

200 
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0 

- 100 
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Figure 12. Effect of Relative Thickness of Plates on Normal Stress 

The e f f e c t s  of r e l a t i v e  t h i c k n e s s  on i n t e r f a c e  s h e a r  s t r e s s e s  a r e  e s s e n t i a l l y  

i d e n t i c a l  t o  those d i s c u s s e d  above f o r  normal s t r e s s .  S i m i l a r  r e s u l t s  c4n a l s o  

be shown f o r  t he  symmetric load c o n d i t i o n .  
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LmINkTE STACKING SEQUENCE 

The s t a e k i n g  sequence used i n  laminated p l a t e s  a f f e c t s  t he  Bending s t i f f n e s s e s  

D i j *  
i n t e r f a c e  stresses,  the s t a c k i n g  sequences may a l s o  have s i z a b l e  e f f e c t s  on 

t h e s e  Stresses. As an example, c o n s i d e r  t h e  t h r e e  f l a n g e  l amina te s  l i s t e d  i n  

F i g u r e  13. The f i r s t  l amina te ,  the b a s e l i n e  used i n  the p rev ious  examples, 

apperirs t o  b e  the b e s t  of t h e  t h r e e  i n  t h i s  case. Simply i n t e r c h a n g i n g  the  0 

and 9'0 degree  p l i e s r e s u l t s  i n  a 42 p e r c e n t  i n c r e a s e  i n  maximum normal s t r e s s  

and s m a l l e r  i n c r e a s e s  i n  s h e a r  s t r e s s e s .  T h i s  shows t h a t  c a r e f u l  a t t e n t i o t l  

must be p a i d  t o  t h e  l amina te  s t a c k i n g  sequences.  

The re fo re ,  j u s t  a s  t h e  l amina te  t h i c k n e s s e s  have s i g n i f i c a n t  e f f e c t s  on 

FLANGE 
LAM I NATE 

I901 45iOIs 

[O/ 45/90], 

[ 45/0/901 s 

MAXIMUM STRESS (PSI) 

xz 7 
yr 7 

125 

156 

143 

184 

261 

232 

Figure 13. Effect of Flange Stacking Sequence on Maximum Stresses 

CONCLUDING REMARKS 

The examples d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n s  i l l u s t r a t e  t h a t  much may be 

done t o  minimize t h e  s k i n l s t i f f e n e r  i n t e r f a c e  s t r e s s e s  by u s i n g  proper  des ign  

p r a c t i c e s  i n  the  i n t e r f a c e  r e g i o n .  

tendency for s k i n / s t i f f e n e r  separation a r c  summarized below. 

Gu ide l ines  f o r  des ign ing  t o  minimize the 
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1. 

2. 

3. 

4 .  

The t r a n s v e r s e  bending s t i f f n e s s  of t h e  s t i f f e n e r  web and t h e  

t o r s i o n a l  s t i f f n e s s  of t he  s t i f f e n e r  should provide s i g n i f i -  

cant r o t a t i o n a l  res t ra in t .  The s t a c k i n g  sequence of t h e  

s t i f f e n e r  web may be a d j u s t e d  t o  provide t h e  p rope r  amount 

of r e s t r a i n t .  The optimum amount of restraint  w i l l  b e  a 

f u n c t i o n  of t h e  o t h e r  design parameters  such as  f l a n g e  wid th ,  

f l a n g e  and s k i n  l amina te  t h i c k n e s s e s  and s t a c k i n g  s-equences. 

To minimize t h e  maximum v a l u e  of t h e  s h e a r  stress 'II t h e  
XZ ' 

minimum prac t ica l  f l a n g e  width should b e  used. Flange width 

does n o t  s t r o n g l y  a f f e c t  t h e  normal stress o r  t h e  s h e a r  

stress T . 
Y Z  

To minimize t h e  i n t e r f a c e  s t r e s s e s  a t  t h e  f l a n g e  edge,  a t h i n  

f l a n g e  and /o r  t h i c k  s k i n  should b e  used. 

stresses n e a r  t h e  s t i f f e n e r  web, a t h i c k  f l a n g e  and/or  a t h i c k  

s k i n  should be used. Since a t h i c k  s k i n  is d e s i r a b l e  i n  both 

c a s e s ,  a l o c a l  pad i n  the  s k i n  under t h e  s t i f f e n e r  may b e  

cons ide red .  

To minimize t h e  

The s t a c k i n g  sequences of t he  f l a n g e  and s k i n  laminates a f f e c t  

t h e  i n t e r f a c e  stresses and may be d e f i n e d  t o  minimize t h e  

i n t e r f a c e  s t r e s s e s .  
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